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RESEARCH ARTICLE

Earthquake-triggered landslides and Environmental Seismic Intensity: insights 
from the 2018 Papua New Guinea earthquake (Mw 7.5)
Aadityan Sridharan a, Maria Francesca Ferrario b and Sundararaman Gopalan c

aDepartment of Physics, Amrita Vishwa Vidyapeetham, Amritapuri, India; bDipartimento di Scienza E Alta Tecnologia, Università Degli 
Studi Dell’insubria, Como, Italy; cDepartment of Electronics and Communication Engineering, Amrita Vishwa Vidyapeetham, Amritapuri, 
India

ABSTRACT
On the 25 February 2018, an earthquake of magnitude Mw7.5 struck the region of Porgera in 
Papua New Guinea (PNG), triggering numerous landslides. Planetscope images are used to 
derive a partial inventory of 2941 landslides in a cloud-free area of 2686 km2. The average area 
of landslides in the study area is 18,500 m2. We use the Environmental Seismic Intensity (ESI) 
scale to assess the damage due to the triggered landslides. Local intensity values are assigned 
to individual landslides by calculating their volume using various area–volume relations. We 
observe that different empirical relations yield similar volume values for individual landslides 
(local ESI intensity ≥ X). The spatial variation of landslide density and areal coverage within the 
study area in cells of 1 km2 is investigated and compared to the probability predicted by the 
USGS model. We observe that high probability corresponds to a significant number of land-
slides. An ESI epicentral intensity of XI is estimated based on primary and secondary effects. 
This study represents the first application of the ESI scale to an earthquake in PNG. The Porgera 
earthquake fits well with past case studies worldwide in terms of ESI scale epicentral intensity 
and triggered landslide number as a function of earthquake magnitude.
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1. Introduction

Earthquake-induced landslides are caused by moder-
ate to strong earthquakes in steep terrain. The sudden 
and rapid evolution of coseismic landslides is a signifi-
cant threat to human settlements in their vicinity. 
Large earthquakes that have triggered thousands of 
landslides in the last two decades include the 2005 
Kashmir earthquake, the 2008 Wenchuan earthquake, 
the 2015 Gorkha earthquake and the 2016 Kaikoura 
earthquake (Basharat et al., 2021; C. Massey et al., 2018; 
Roback et al., 2018; Xu et al., 2014). Some of the sig-
nificant consequences caused by the triggered land-
slides are landslide dams, destruction of infrastructure 
and roadblocks. After an earthquake, landslide depos-
its can be remobilised by other processes such as after-
shocks or heavy rainfall and relocated elsewhere. 
Compiling the inventories of earthquake-triggered 
landslides plays a vital role in creating predictive mod-
els. These models provide a rapid estimate of the 
spatial distribution of landslides in the aftermath of 
an earthquake (Bojadjieva et al., 2018; Harilal et al.,  
2019; Ramesh & M, 2012; Thambidurai & Ramesh,  
2017). Two descriptors are generally used to analyse 
the spatial distribution of landslides, the landslide den-
sity and the landslide area percentage. Density and 

area percentage can then be explored with respect to 
topography, lithology and seismological or structural 
factors (Chang et al., 2021; Fan et al., 2018; Ling et al.,  
2021; F. Wang et al., 2019; Xu et al., 2018).

Spatial distribution of Earthquake-Induced Landslides 
(EQIL) is documented since large devastating events 
occurred (Keefer, 2002). The literature quantifies and pre-
dicts the eminent hazard by using available event-based 
inventories (Basharat, Rohn, Baig, et al., 2014b) (Tanyaş et 
al., 2022) (Velázquez-Bucio et al., 2023). The 2005 Kashmir 
earthquake of Mw 7.6 is a well-documented event that 
combines the inventory as well as field investigations that 
comprehensively explains the spatial distribution of the 
triggered landslides. Basharat et al. 2014b report that 
landslides mainly occurred on slopes of 30°−40° facing 
the Southern direction. The authors have reported that 
the landslide distribution is directly correlated with the 
distance from the triggering fault (Basharat, Rohn, Baig, & 
Khan, 2014a). Field studies in the affected areas revealed 
that hanging wall effect along the Muzaffarabad fault 
triggered landslides of large surface area during the 
Kashmir earthquake (Basharat, Rohn, Baig, et al., 2014b). 
Similarly, the landslides caused by the 1994 Northridge 
earthquake of MW 6.8 is one of the many well-documen-
ted events that combine datasets from detailed geotech-
nical and geological investigations with an inventory that 
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is by far the most complete inventory for the event (Harp 
& Jibson, 1996). Harp and Jibson (1996) surveyed the 
earthquake-affected areas using drone images and opti-
cal satellite images to delineate the slopes affected by the 
earthquake tremors. Albeit limited by the deficiency of 
advanced technology in the 90s, this event is still one of 
the benchmarks of a well-documented EQIL inventory. 
These inventories are necessary tools to investigate the 
causative factors and conduct detailed investigation on 
slopes that were triggered by earthquakes. Therefore, it is 
of prime importance to document an inventory of EQIL 
for various earthquake events (Tanyaş et al., 2017).

Landslides are one of the Earthquake Environmental 
Effects (EEEs) that can be categorised systematically by 
applying the Environmental Seismic Intensity (ESI) scale 
(Michetti et al., 2004) (Michetti A.M. et al., 2007) (Serva,  
2019; Serva et al., 2016). The ESI scale assigns macro-
seismic intensity based exclusively on EEEs and is also 
applicable in sparsely populated regions. In the ESI 
framework, an individual landslide is a ‘site’ (i.e. a place 
where a single EEE is documented) and an ESI intensity 
value can be assigned to every site based on the mobi-
lised volume. Volume may be estimated either from 
field surveys or by analysing the pre- and post-event 
digital elevation model (DEM) data (Chen et al., 2006; 
Corsini et al., 2009; Dewitte et al., 2008; Hsieh et al., 2016; 
Tarolli, 2014). Photogrammetric techniques that recre-
ate the 3-D model of the study area and Lidar point 
cloud data may provide better volume estimates 
(Jaboyedoff et al., 2020; C. I. Massey et al., 2019). 
However, area–volume power laws are applied to arrive 
at volume estimates in the absence of such detailed 
datasets. Several such relations are proposed in the 
literature, with local or global validity while considering 
different types of slope movements (e.g. bedrock vs. 
shallow landslides) (Guzzetti et al., 2009; Larsen et al.,  
2010; Xu et al., 2016). Therefore, selecting the proper 
area–volume relation is an important step towards 
assigning the ESI intensity. An epicentral ESI intensity 
is assigned based on the dimensions of primary effects 
(length and offset of surface ruptures, amount of per-
manent ground deformation) or the extent of second-
ary effects (including landslides). Another study of the 
same event by Tanyaş et al. (2022) analysed the size 
distribution and the temporal evolution of the triggered 
landslides; however, it does not estimate the ESI inten-
sity and the EEEs caused by this event.

Since its introduction, the ESI scale has been applied 
to over 150 recent and historical earthquakes worldwide 
(Esposito et al., 2013; Ferrario et al., 2022) – a database 
listing all the investigated events is publicly available 
(see ‘Availability of data’ section). Some of the case 
histories specifically dealing with the ESI assessment of 
slope movements include the 1976 Guatemala, 1998 
Krn (Slovenia), the 2003 and 2015 Lefkada (Greece) 
and the 2011 Lorca (Spain) earthquakes (Caccavale et 
al., 2019; Gosar, 2012; Papathanassiou & Pavlides, 2007; 

Papathanassiou et al., 2017; Silva et al., 2013). Ota et al. 
analysed several earthquakes in Japan and Taiwan to 
assign the ESI intensity. The authors analysed the EEEs 
due to earthquakes over a grid in the study area and 
evaluated the intensity in each cell of equal dimensions. 
Their results suggest that the ESI scale can capture the 
morphological changes observed in the study area after 
a major earthquake event (Ota et al., 2009). These mor-
phological changes combined with the spatial distribu-
tion of landslides give an overview of the coseismic 
landslide hazard in any investigated terrain.

In this work, we investigate the landslides triggered 
by the 25 February 2018 Porgera earthquake in Papua 
New Guinea (PNG) with a moment magnitude Mw 7.5. 
We generate and analyse a partial inventory and assess 
the spatial distribution of landslides using the landslide 
number density (LND) and the landslide area percen-
tage (LAP). The variation in normalised landslide den-
sity in the study area is compared to the probability 
map as predicted by the USGS ground failure model 
(Nowicki Jessee et al., 2018). Based on our calculations, 
we assign an ESI epicentral intensity of XI after evalu-
ating different descriptors (primary surface rupture, 
permanent ground deformation, area affected by sec-
ondary effects). The Porgera case history is compared 
with various thrust fault events worldwide, and a good 
correlation between ESI epicentral intensity and the 
number of triggered landslides is evident. The work-
flow used here assigns ESI directly from EQIL mapping 
and can be applied to future earthquakes that trigger 
landslides. We would also like to stress that this is the 
first time the ESI index has been applied for a case 
history in the PNG islands. This work addresses three 
main research questions.

(1) Building of a partial inventory of the landslides 
triggered by the 2018 Porgera earthquake.

(2) Documenting the EEEs and assigning the ESI 
epicentral intensity for the event.

(3) Assessing the spatial distribution of triggered 
landslides from the mapped inventory to 
enhance the understanding of EQIL and their 
contribution to EEEs caused by the earthquake.

Regional geological setting and the Porgera 
earthquake

The Mw 7.5 Porgera earthquake occurred on 25 
February 2018, at a depth of 25.2 km. The epicentre 
is located at 6.070°S 142.754°E, in a sparsely popu-
lated region 32 km SW of Tari (USGS, 2019). The 
earthquake originated from a thrust fault due to 
the oblique convergence between the Australian 
plate over the Pacific plate (Figure 1a), which 
moves with a velocity of ca. 110 mm/yr, mainly 
accommodated by the offshore trench. The onshore 
faults, including the Papuan Fold and Thrust Belt 
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(PFTB), where the 2018 Porgera epicentre is located, 
accommodate a portion of the plate motion, with 
rates varying along-strike (Koulali et al., 2015).

Since 1900, the largest event recorded in the PFTB is 
the Porgera earthquake. Close observation of the fault 
geometry and slip distribution using seismological, 

Figure 1. a) Regional map of the study area with tectonic boundaries, mainshock and aftershock locations (Basemap courtesy 
NOAA). The area within the red box is enlarged in (b). b) Porgera earthquake epicenter and location of the mapped landslides 
represented as points that correspond to their size. The red box is the extent of the study area mapped for landslides. The base 
map of the study area is the interferogram of the earthquake obtained from: https://www.gsi.go.jp. c) and d) Sample of landslide 
polygons in the study area. It can be seen that these polygons correspond to the decorrelated parts of the interferogram.

ALL EARTH 197

https://www.gsi.go.jp


GPS and InSAR data reveals a complex pattern invol-
ving the rupture of several segments (Mahoney et al.,  
2021; S. Wang et al., 2020; Zhang et al., 2020). In the 
months following the Mw 7.5 mainshock, several after-
shocks with Mw >6 were recorded (Zhang et al., 2020). 
Ground deformation following the Porgera earthquake 
affected an area of ca. 7500 km2, with a maximum 
uplift of 1.2 m (Mahoney et al., 2021). Surface rupture 
was documented using sub-pixel offset measurements 
with vertical and horizontal displacements of 2 m and 
4.3 m (Chong & Huang, 2021).

Figure 1b shows the interferogram obtained from 
ALOS-2/PALSAR-2 data where each coloured fringe 
represents 12 cm of movement between the ground 
and the satellite measured along the Line of Sight 
(LOS). The decorrelation in InSAR data suggests the 
occurrence of extensive coseismic slope movements 
triggered by the Porgera earthquake. Nevertheless, per-
sistent cloud cover after the event hampered the rea-
lisation of an EQIL inventory immediately after the 
event. The earthquake sequence was preceded, accom-
panied and followed by heavy rainfall, which further 
triggered landslides and made the landslide mapping 
an onerous task. Tanyaş et al. (2022) mapped over 
10,000 slope movements, investigating the role of seis-
micity, geology, topography and high rainfall (Tanyaş et 
al., 2022). The Porgera earthquake was included as a 
case history in HazMapper, an open-access application 
based on Google Earth Engine characterising the effects 
of natural disasters (Scheip & Wegmann, 2021).

Systematic geological mapping of New Guinea was 
started in the 1960s albeit the earliest geological explora-
tion began in the 1800s. The geological setting of New 
Guinea reveals the effect of compression between the 
Indo-Australian plate and Pacific plates. As seen in Figure 
1a, the study area is part of the PFTB which adds to the 
fragility of the geological formation in the region as there 
is constant plate motion along the thrust belt. Volcanic 
Arc and Ophiolite formations are the common units 

observed in the uplift process in the island, which are 
fractured by transcurrent faulting and rifting (Pieters,  
1982). We adopted the geological map obtained from 
the PNG geological survey as shown in Figure 2. The 
regional geological succession of the study area and its 
surroundings is characterised by Tertiary age sedimentary 
and metamorphic rocks from the Miocene epoch overlain 
by Quaternary deposits. There are notable intrusions of 
intermediate to Basic volcanic rocks with traces of 
Quaternary Pleistocene rocks. Sandstone, conglomerate, 
limestone, shale and siltstone formed in the late 
Palaeozoic and Mesozoic eras are found evenly distribu-
ted in the region. Deformed volcanics from the same age 
are also observed as a result of block faulting and gravita-
tional folding. Rare fossils in oldest dated rocks are from 
the Cretaceous period (Pieters, 1982). The newer unde-
formed volcanics and sediments comprise the quaternary 
beds (Tanyaş et al. 2022).

The island of New Guinea is known for gold and 
silver mines. Gold was first found on the island in 1852 
and the hunt for more of the lucrative metal started 
around this time. The mines have been active since the 
late 90s to early 2000s. The Porgera gold mine is the 
closest to the study area. The operational mines also 
contribute to slope instability in various parts of the 
island (Singh, 2010). Ground shaking and environmen-
tal effects of past earthquakes are witnessed by the 
mine workers and have been reported to be disastrous 
for the miners (Singh, 2010).

3. Methodology

We follow a rigorous workflow, comprising a multi- 
step procedure. The methodological framework 
involves the exploitation of external inputs (e.g. satel-
lite images), their analysis and derivation of original 
products; such products are then used to proceed to 
further steps in the analysis, with the final aim of 
documenting the overall damage through the analysis 

Figure 2. Geological map of the study area (source PNG geological survey). Fault trace adapted from S. Wang et al. (2020).
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of EEEs. Figure 3 presents the flow chart of the meth-
odology followed in this work: the first step is the 
building of the landslide inventory from satellite 
images. Phase 2 comprises the core of the work, 
which is the assignment of ESI local and epicentral 
values. This step involves GIS analysis of the mapped 
landslide polygons, supplemented with area–volume 
relations and the collection of other EEEs from the 
literature. In Phase 3, we evaluate the distribution of 
landslides, obtaining the LAP and LND maps and cor-
relating landslides with geological units in the study 
area. Finally, Phases 4 and 5 move towards a general-
isation: in particular, we compare the spatial distribu-
tion of mapped landslides with the predicted spatial 
probability calculated by the USGS model to give an 
overview of spatial distribution of landslides (Phase 4). 
Phase 5 compares the Porgera case study with other 
earthquakes worldwide.

3.1. Realization of the landslide inventory

Multispectral Planet labs imagery from 13 January to 
27 March 2018 is used for mapping the landslide poly-
gons. The pre- and post-event images for an area of 
2686 km2 are visually monitored. To increase the qual-
ity of the inventory and capture surface changes 
caused by slope failures, individual landslides are 
mapped as polygons rather than points (Harp et al.,  
2011). The Planet Labs imagery’s 3 m/pixel resolution 
precisely delineates the area subjected to landslides 
(Sridharan et al., 2020). The pre-images as early as the 
22 February are used for comparison, given the 

earthquake occurred on the 25 February. However, 
due to cloud cover in the satellite images for some 
parts of the study area on the 22 February, images 
from the 13 January and the 4 February had to be 
compared with the post-images to eliminate the pos-
sibility of mapping retriggered landslides. Coalescing 
landslides with multiple source points identified in the 
study area are mapped as individual polygons. To 
further confirm such coalescence, post-images 
obtained on 4 March are used as this can possibly 
show us the toe of each landslide. Albeit the satellite 
images were heavily clouded on 4 March, gaps in the 
clouds revealed certain areas that experienced 
landslides.

Apart from freshly triggered and retriggered land-
slides, riverbank collapses, as shown in Figure 4e, are 
also observed. The number of landslides per unit area 
(i.e. landslide density) and landslide area percentage 
are calculated to estimate the spatial distribution of 
landslides. Landslide centroids are extracted from the 
polygons, and the analysis is performed on a grid with 
1 km × 1 km resolution. Mapped landslides lie within 
the deformed area of the interferogram shown in 
Figure 1a.

Among various models that predict the spatial dis-
tribution of landslides after an earthquake, the USGS 
Jesse et al. (Nowicki Jessee et al., 2018) model is fre-
quently used in predicting the probability of land-
slides. Nowicki Jessee et al. (2018) have proposed a 
logistic regression model among the probability, slope, 
peak ground velocity (PGV), land cover, compound 
topographic index (CTI) and lithology. Probability is 

Figure 3. Flow chart of the methodology followed in this work with hierarchy of steps used to carry out the scientific investigation.
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the predicted variable, and the other terms are the 
independent variables (Nowicki Jessee et al., 2018). 
The raster of the probabilities for the study area is 
downloaded from the USGS event page for the 
Porgera earthquake (see ‘Availability of data’ section). 
The raster file of the probability values predicted for 
the event is converted to a vector layer with small 
squares with equal-area, called bins. We count the 
Centroids of the mapped landslide polygons in each 
probability bin with incremental probability values of 
0.005, as this is the lowest significant digit in the range 
of probability values estimated by the USGS model. To 
normalise the count, we divide the number by the total 
area of the bins for each probability value. Adding up 
the area of individual bins with the same probability 
gives the total area covered by each probability value. 
The normalised density of landslides is compared with 
the probability values predicted by Jesse et al. (Nowicki 
Jessee et al., 2018). A possible limitation of this 
approach is that we consider landslide centroids, 
which may be facile for large failures.

3.2. Area–Volume conversion and ESI scale 
assignment

The conversion from mapped area to volumes is neces-
sary to assign ESI intensity values. Among the scaling 
relations proposed in the literature (e.g. (Guzzetti et al.,  
2009; Jaboyedoff et al., 2020; Xu et al., 2016), several 
models use a power-law functional form. Other para-
meters such as Peak Ground Acceleration (PGA), slope 
aspect and slope can be considered for the area 
volume relation. However, the relation between the 
surface area and the volume is consistent with the 
power-law (Xu et al., 2016). In this paper, we evaluate 
different area–volume scaling relations for the mapped 
landslides, which have the general form: 

V ¼α� AY (1) 

Where V is the volume (in m3), A is the area (in m2), ‘α’ 
and ‘γ’ are fitting coefficients. Selecting the most 
appropriate relation is not straightforward, and 
volume estimations may vary significantly. We tested  

Figure 4. a) Pre-event images of Sector a captured on 13 January 2018. b) Post-event images of Sector A, taken on 20 March 2018. 
c) Pre-event image of Sector B captured on 4 February 2018. d) Post-event image of Sector B taken on 27 March 2018 (see Figure 5 
for locations and lat-long details of the sectors). e) Shows an example of riverbank collapse along Tagiri River acquired from Google 
earth (2018) imagery post the earthquake.
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different scaling relations (Guzzetti et al., 2009; Larsen 
et al., 2010; C. I. Massey et al., 2019; Simonett, 1967; Xu 
et al., 2016) to assess the influence of such a choice on 
the ESI intensity assignment. The ‘α’ and ‘γ’ coefficients 
of Equation 1 show slight differences for soil and bed-
rock landslides, and a trend of increasing ‘α’ when ‘γ’ 
decreases is pointed out (Jaboyedoff et al., 2020). 
Simonett (1967) derived a local relation based on 207 
landslides in central New Guinea. Guzzetti et al. (2009) 
analysed 677 worldwide landslides of predominantly 
slide type, including the New Guinea landslides of 
Simonett (1967). Nevertheless, the majority of the 
landslides are triggered by rainfall. Larsen et al. (2010) 
used 4231 individual landslides globally to derive 
volume-area scaling of bedrock and soil landslides. 
Xu et al. (2016) propose optimised models for area– 
volume conversion by analysing a subset of the land-
slides triggered by the 2008 Wenchuan earthquake. C. 
I. Massey et al. (2019) estimated source volumes for 
17,256 landslides triggered by the 2016 Kaikoura (New 
Zealand) earthquake using a 2 m resolution vertical 
difference model. One of the most challenging tasks 
in estimating the volume of the landslides from the 
field to develop area volume power laws arises from 
estimation of the average depth. Due to the unavail-
ability of pre-event characteristics of triggered land-
slides, the estimated post-event depth might not be 
accurate. On the other hand, the procedure to estimate 
the average depth varies among different investiga-
tors. These are the two main contributors to the error 
in estimating the power law exponent. The range of ‘γ’ 
for available power law models is 0.79 to 1.95 from 
literature (Ju et al., 2023). Initial models proposed by 
Keefer correlated the magnitude of triggering event to 
the volume of landslides and arrived at a power law 
relation based on 15 EQIL events. The relation between 
magnitude and volume gives erroneous results in the 
estimation of the landslide volumes as observed by 
several subsequent case studies. With the availability 
of high-resolution images and more sophisticated 
drones that acquire precise field images, the area 
volume power laws developed in the recent decades 
provide a more reliable estimate of landslide volume 
(Ju et al., 2023; Xu et al., 2016).

The ESI intensity is estimated following the descrip-
tion included in the scale (Michetti et al., 2004) as 
summarised in Table 1. Landslides start to occur in 
susceptible zones with ESI as low as IV, become sig-
nificant from ESI VI and saturate at ESI X. It can be 
observed that the description does not change for 
intensity higher than X (Table 1). The selection of a 
given area–volume relation is a source of epistemic 
uncertainty. Recently, Ferrario (2022) demonstrated 
that the use of different area–volume relations has a 
negligible influence on the resulting ESI assessment, 
while a much higher influence is given by the quality of 
the input data, i.e. the landslide inventory itself.

4. Results

4.1. Spatial distribution of earthquake-triggered 
landslides

A total of 2941 landslides have been mapped in the 
study area. Most of the triggered landslides are along 
valleys with steep slope values of 55°–70°. We com-
puted the area of each landslide in GIS software. By 
summing the individual landslide areas, a value of 
54.37 km2 is obtained, corresponding to ca. 2% of 
the total cloud-free investigated area. By dividing 
54.37 km2 by the number of mapped landslides, we 
obtain an average landslide area of 18,500 m2. The 
mapped inventory contains five landslides belonging 
to a cluster of large landslides mapped in a small 
region to the NW of the epicentre, which we name 
sector A. These landslides have a surface area greater 
than 0.9 km2 and account for 10% of the total land-
slide area. Similarly, sparse distribution of landslides 
with dimensions smaller than those mapped in sector 
A is observed in the NE corner of the study area, which 
we name sector B. An example of pre- and post-event 
images is shown in Figure 4. Images from the first 
week of February 2018 show no pre-existing land-
slides (Figure 4 b, d). The post-event images, captured 
in the period of 20–27 March 2018, reveal several 
landslides with source areas coalescing at the base 
of the slope (Figure 4 a).

Table 1. Summary of the characteristics of earthquake-triggered landslides and related ESI intensity. Modified after Michetti et al 
(2004, 2007).

ESI degree Description Typical volume

IV Exceptionally few and small slope movements on unstable slopes
V Rare, small slope movements
VI Slope movements may occur in unstable zones 103 m3

VII Scattered slope movements in prone areas 103–105 m3

VIII Slope movements are widespread in prone areas. Landslides can dam narrow valleys 103–105 m3

IX Slope movements are widespread and can dam valleys 105–106 m3

X Frequent large slope movements, regardless of the state of equilibrium >105–106 m3

XI Frequent large slope movements, regardless of the state of equilibrium, up to 200–300 km from the epicentre >105–106 m3

XII Frequent large slope movements, regardless of the state of equilibrium, up to 200–300 km from the epicentre >105–106 m3
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Figure 5 shows the landslide density and landslide 
area percentage. Within the study area, maximum den-
sity values reach 36 landslides/km2 and the maximum 
area percentage is 75%. The eastern and central parts 
of the investigated area have the highest values in 
terms of landslide density, while the high values of 
area coverage are more widespread. Two extreme 
cases of LND and LAP are observed in the mapped 
region. On the one hand, large complex landslide 
bodies are observed to cluster in small regions. On 
the other hand, many small landslides are distributed 
in a wide area. These cases are illustrated in Figure 5; in 
Sector A, 37 individual landslides are mapped. LND 
reaches a maximum value of 5 landslides/km2, which 
is relatively low. On the contrary, LAP in Sector A 
(Figure 5a and b) reaches values of up to 67%, which 

is among the highest documented in the whole region. 
In sector B (Figure 5c and d), LND is as high as 36 
landslides/km2 and LAP is less than 8%, completely 
contrasting with the values observed in sector A.

The correlation between landslide number and 
landslide area density in each geological unit is pre-
sented in Figure 6. For the landslide area density, the 
total area of all the landslides in each geological unit is 
divided by the area covered by that geological unit in 
the study area. Landslide number and landslide area 
per each geological unit show a different trend, sug-
gesting that lithology plays a role in defining the aver-
age dimension of the triggered movements. Most 
landslides are observed in Intermediate to Basic volca-
nic rocks (Gamma); however, the maximum area was 
triggered in the Quaternary Pleistocene (Qp) rocks. 

Figure 5. a) Landslide Number Density (LND) and b) Landslide Area Percentage (LAP), computed on a 1-km2 grid. Dashed boxes are 
enlarged in Figure 4 (Basemap: Digital Elevation Model (DEM) derived from ALOS data.).
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Landslides with significantly larger areas are observed 
in the study area in Qp, as these are more recent 
deposits and contain fragile formations such as lime-
stone. From Figure 6, the landslide area density in Basic 
volcanic rocks is very low, indicating a large number of 
small landslides were triggered in the volcanic rocks.

4.2. ESI intensity assessment

Figure 7a shows seven power-law relations on a log– 
log plot of area and volume. For each relation, we 
calculated the area corresponding to a volume of 
106m3, which represents ESI intensity ≥ X. Values 
range between 73,000 and 285,000 m2 for all the 
equations except Larsen et al. (2010) relation for 
soil landslides (value of 570,000 m2). Out of the 
2941 landslides, 1% to 4% have an ESI value ≥ X 
(the value lowers to 0.3% if the soil-type equation by 
Larsen et al., 2010 is used). Slope movements satu-
rate at ESI X, which means that it is not possible to 
assess degrees higher than X based on the volume 
of individual landslides (see Table 1).

Figure 7b is a plot of the frequency–area curve for the 
mapped inventory. The variation obeys a positive power 
law for small landslides and a negative power law for 
large landslides. The highest point in the frequency area 
relation is termed ‘rollover’, which can estimate the 
minimum landslide size at which the inventory is nearly 
complete (Tanyaş & Lombardo, 2020). For our inventory, 
the rollover value is found to be 5000 m2, which is 
relatively high but is within the range of rollover values 
observed by similar studies (Tanyaş & Lombardo, 2020).

Figure 7c shows the frequency of landslides accord-
ing to their volume and the distribution in terms of ESI 

intensity values. The area–volume relation proposed 
by Larsen et al. (2010) is an equation with global 
validity and is shown as an example in the figure. A 
similar relation is observed for the other area–volume 
relations considered in this study. The selection of the 
area–volume scaling relation does not affect the 
assigned ESI intensity value based on the dimension 
of the largest slope movements. It is worth noting that 
ESI degrees and intensity scales, in general, are a clas-
sification system rather than the measurement of some 
physical parameter. In this sense, the ESI guidelines 
provide broad categories in terms of volume estimates 
(see Table 1). Since remote sensing datasets allow the 
generation of landslide inventories after an earthquake 
event, a quick way to convert areas to ESI intensity may 
be helpful in assessing the impact of the event.

The integration of EQIL mapping and ESI estimation 
has the additional advantage of estimating the inten-
sity in remote or sparsely populated regions, where 
traditional intensity scales based on damage to the 
built environment cannot be applied. For the Porgera 
earthquake, sparse intensity data points are available 
from the ‘Did You Feel It?’ (DYFI) program, which uses 
online questionnaires to collect reports and informa-
tion on earthquake damage. Intensity is provided in 
the Community Decimal Intensity (CDI) scale (Jay Wald 
et al., 2012). No intensity points are located in the first 
30 km from the epicentre, and the highest CDI value is 
recorded at Tari, 32 km NE from the epicentre, with an 
intensity of 9.0. In remote locations, DYFI data provide 
sparser information with respect to the ESI scale. For 
the Porgera earthquake, CDI is lower than the ESI 
epicentral intensity, similar to what was observed for 
the 2018 Lombok, Indonesia, sequence (Ferrario, 2019).

Figure 6. Variation of landslide count and area density in each geological unit present inside the study area.
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The ESI epicentral intensity can be estimated from 
different metrics, such as the primary effects (surface 
faulting and permanent ground deformation) or the 
dimension of the area affected by secondary effects. 
Table 2 summarises the results obtained from the 
Porgera earthquake. The area encompassing all the land-
slides by the complete inventory (Tanyaş et al., 2022) is ca. 
24,000 km2 wide, pointing to ESI XI. Coseismic surface 
faulting with length in the order of 40 km and metric 
displacement was documented using subpixel offset 
tracking (Chong & Huang, 2021) and these values are 
consistent with ESI XI.

Permanent ground deformation imaged by InSAR 
(Mahoney et al., 2021) shows a maximum uplift of ca. 
1.2 m, which points to ESI X. Intensity assigned from 
permanent ground deformation has the lowest value 
among those reported in Table 2 and this can be 
possibly ascribed to the 25 km depth of the earth-
quake. Finally, the total area affected by permanent 
ground deformation is 7500 km2 (Mahoney et al.,  
2021). Currently, this metric is not explicitly considered 
for ESI assignment, but we envisage that it could be a 
valuable addition to the ESI toolbox. Overall, we assign 
an epicentral intensity of XI on the ESI scale.

5. Discussion

Our research allowed us to build a partial landslide inven-
tory and to analyse the spatial distribution of landslides 
using simple metrics such as Landslide Density Number 
(LND) and Landslide Area Percentage (LAP) on a regular 
grid. Additionally, we focus on macro-seismic intensity, 

which by definition is the documentation of earthquake 
effects. In particular, we inspect the effect on the natural 
environment, and we apply for the first time in PNG, the 
ESI scale. Given the high seismicity rate, the frequent 
occurrence of powerful earthquakes in the region and 
the relatively low population density, EEEs provide a 
sound alternative for documenting earthquake damage. 
We now move towards a generalisation (Phases 4 and 5 in 
the flow chart of Figure 3), by comparing our results with 
the probability model derived by the USGS (Section 5.1) 
and with global case histories, either in terms of other 
EQILs (Section 5.2) or earthquakes analysed using the ESI 
scale (Section 5.3).

5.1. Comparison of the inventory with the 
predicted landslide distribution

Figure 8 shows the normalised density with the corre-
sponding predicted probability values. The highest prob-
ability value predicted by the USGS model, which is 0.25, 
is predicted in small patches within the study area. 
Remarkably high values in the range of 0.25 to 0.2 are 
observed in sector A.

The plot in Figure 8 shows a gradual increase in the 
normalised landslide density up to a probability of 0.15, 
followed by a sudden increase beyond a probability of 
0.18. This indicates that the bins with higher probability 
values should have a significant number of landslides. In 
sector B, the highest probability value observed is 0.174. 
As mentioned earlier, the landslides in sector B have a 
characteristically smaller surface area when compared to 
those in sector A. This also suggests that the volume of 

Figure 7. a) Log–log plot of area–volume for various relations proposed in the literature. b) Frequency distribution of landslide area. c) Plot 
of the cumulative frequency of landslide volumes and relation with ESI intensity; the all-type Larsen et al. (2010) scaling relation is shown 
as an example. A similar relation is observed using all the equations illustrated in the box in the upper right corner.
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landslides based on power-law estimates correlates with 
the probability values predicted by the USGS model. For 
example, in sector A, the predicted probability values 
reach 0.23 and the volume estimates of individual land-
slides have a maximum value of 0.1479 km3. Similarly, in 
sector B, for probability values of 0.174, the maximum 
value of volume observed is 0.0006 km3. To assess if the 
drastic variations observed for Sectors A and B are excep-
tional or if such variability is common, it is necessary to 
realise similar comparisons for a larger dataset globally. 
Overall, the models developed for predicting near real- 
time hazards, such as the USGS model, have a crucial role 
in providing reliable estimates of the spatial distribution 
of the landslides. Nevertheless, it is observed that they do 
not give a reliable estimate of the landslide number or the 
area density (Burrows et al., 2021).

5.2. Spatial distribution of earthquake triggered 
landslides: comparison of the Porgera event with 
global case histories

Some valuable insights can be gained by comparing 
the Porgera partial inventory with global events. The 

average area of individual landslides in our inventory 
is 18,500 m2, which is of the same order of magnitude 
as the more complete inventory realised by Tanyaş et 
al. (2022). They mapped 10,403 earthquake-triggered 
landslides that cover 145 km2 (145 × 106 m2), result-
ing in an average area of 13,940 m2. Average areas 
derived from all available inventories in the history of 
EQIL cover a wide range of values between 200 and 
over 70,000 m2 (Tanyaş et al., 2017). In Papua New 
Guinea, other than the 2018 Porgera earthquake, an 
EQIL inventory is available for the Mw 6.9 1993 
Finisterre earthquake (Meunier et al., 2008). That 
event caused 4790 landslides covering a total area 
of 69 km2, which means the average area per polygon 
is 14,405 m2. This figure is remarkably similar to the 
Porgera earthquake, suggesting that the local cli-
matic and topographic setting might contribute to 
the landslide dimension. Topographic site effects 
favour landslide clustering along inner gorges as 
documented for the 1993 Finisterre earthquake 
(Meunier et al., 2008) and are also observed for the 
Porgera earthquake (Mahoney et al., 2021).

Table 2. ESI epicentral intensity of the Porgera earthquake as obtained from different descriptors, including primary and secondary 
effects. The ESI epicentral intensity as estimated in this study is XI.

Type of coseismic effect Maximum value ESI epicentral intensity

Volume of individual landslides >106 m3 ≥X
Area affected by landslides 24,000 km2 XI

Surface rupture length 40 km X
Uplift from InSAR 1.2 m X

Figure 8. Variation in normalised landslide density as a function of the probability values predicted by (Jessee et al., 2018). The 
density is calculated for bins with incremental probability values of 0.005. The procedure for calculating the normalized density is 
mentioned in section 3.1.
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The largest landslide event ever documented is the 
2008 Wenchuan earthquake (1159 km2), followed by 
the Porgera event (145 km2 total triggered area). Other 
events that triggered landslides with a cumulative area 
of over 100 km2 were the 1999 Chi-Chi, the 2002 Denali 
and the 2005 Kashmir earthquakes (Tanyaş et al., 2017). 
It is worth mentioning that, except for the Denali earth-
quake, all the others had a reverse focal mechanism. 
Figure 9apresents a graphical summary of the compar-
ison between the Porgera earthquake and global case 
histories with respect to the number of triggered land-
slides. A total of 10,403 landslides triggered by the 
Porgera earthquake (Tanyaş et al., 2022) are along the 
empirical fit derived by Malamud et al. (2004). The style 
of faulting and displacement along the surface rup-
tures is found to be major contributors to the number 
of landslides as much as the magnitude (Xu, 2014). 
Reverse-fault earthquakes usually generate a higher 
number of landslides when compared with strike-slip 
and normal faulting events (Figure 9a).

5.3. ESI intensity assessment: comparison of the 
Porgera event with global case histories

Figure 9b presents 47 earthquakes with reverse/thrust 
focal mechanisms, including the Porgera event ana-
lysed using the ESI scale. The dataset includes events 
from various seismotectonic settings such as subduc-
tion zones, continental collision and stable continental 
regions. The earthquakes range in magnitude between 
Mw 4.2 and Mw 9.0 and have variable depths up to ca. 
35 km. The ESI epicentral intensity varies between VII 
and XII. It is worth noting that three events reached the 
maximum intensity of XII (Lekkas, 2010; Sanchez & 
Maldonado, 2016; Serva et al., 2016), while several 
earthquakes show an ESI intensity of XI. The Porgera 
earthquake fits well in the plot with previous case 
histories. ESI epicentral intensities of XI are found for 
earthquakes ranging in magnitude between 7 and 8.8, 
while earthquakes of Mw 7.5 (like the Porgera event) 
have epicentral intensity between VIII and XI. The data 

shown in Figure 9b reaffirm the reliability of ESI assess-
ment and its consistency in estimating the hazard in 
different seismotectonic settings.

6. Conclusion

We have generated a partial inventory of the Mw 7.5 
Porgera earthquake in PNG, containing 2941 land-
slides. Area–volume power laws are used to obtain 
the mobilised volume of individual landslides, which 
is then used to assign ESI local intensity with maximum 
values higher than X. An ESI epicentral intensity of XI is 
assigned based on the dimension of the area affected 
by secondary effects. This study represents the first 
application of the ESI scale to a PNG earthquake. The 
USGS spatial prediction model is fairly accurate in pre-
dicting the actual landslide distribution. The Porgera 
earthquake was compared with global case histories, 
and a good concurrence among ESI epicentral inten-
sity and number of triggered landslides with respect to 
moment magnitude was documented.

The Porgera earthquake caused thousands of land-
slides in a remote and rugged region, making it an ideal 
candidate for the ESI scale. Mapping earthquake- 
induced landslides from satellite imagery is an efficient 
way to document the overall earthquake damage. This 
study is limited by the availability of cloud-free satellite 
images on the dates close to the day of the earthquake 
event and the time required to manually map the inven-
tory, both of which are not feasible for emergency 
response. Additionally, we did not realise field surveys 
for the region. However, it demonstrates how to inte-
grate the realisation of EQIL inventories with the assess-
ment of ESI intensity into a single workflow. We 
observed that the local ESI intensity could be consis-
tently estimated even by adopting different area– 
volume relations. The documentation of EEEs in this 
study is restricted to mapping the slope movements. 
The event could have caused other EEEs, but we believe 
that the estimated value of the ESI epicentral intensity is 
reliable since various metrics provide a consistent 

Figure 9. a) The number of triggered landslides versus Mw for 65 events worldwide (modified after (Livio & Ferrario, 2020)). The 
empirical correlation and error bounds adopted from Malamud et al. (2004) are shown as solid lines. b) ESI epicentral intensity 
versus Mw for a dataset of 47 earthquakes with reverse/thrust mechanisms worldwide.
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estimate. We suggest that the scientific communities 
dealing with compiling EQIL inventories and intensity 
estimation through the ESI scale can benefit from each 
other. On the one hand, the high resolution of EQIL 
inventories depicts the spatial variation of coseismic 
effects and potentially provides a detailed ESI macro-
seismic field. On the other hand, the ESI scale compares 
landslides with other earthquake environmental effects 
and compares different events on various temporal or 
spatial scales. This study on the Porgera earthquake can 
be replicated for other events. The realisation of land-
slide inventories is a fundamental prerequisite for further 
studies aimed at better estimating the seismic risk. This 
can further aid in developing more accurate predictive 
models for earthquake-induced landslides, to be put at 
use by local and regional authorities. Future research 
should include the analysis of causative factors and sub-
sequent susceptibility mapping. These efforts are ulti-
mately devoted to the minimisation of earthquake 
losses, either in terms of human lives or economic assets.
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